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Abstract
Human pluripotent stem cells represent an accessible cell source for novel cell-based clinical
research and therapies. With the realization of induced pluripotent stem cells (iPSCs), it is possible
to produce almost any desired cell type from any patient's cells. Current developments in gene
modification methods have opened the possibility for creating genetically corrected human iPSCs
for certain genetic diseases that could be used later in autologous transplantation. Promising
preclinical studies have demonstrated correction of disease-causing mutations in a number of
hematological, neuronal and muscular disorders. This review aims to summarize these recent
advances with a focus on iPSC generation techniques, as well as gene modification methods. We
will then further discuss some of the main obstacles remaining to be overcome before successful
application of human pluripotent stem cell-based therapy arrives in the clinic and what the future
of stem cell research may look like.

A Brief History of Pluripotent Stem Cells
Stem cells are defined by both their ability to indefinitely self-renew, while maintaining the
capacity to differentiate into one or more differentiated cell types. The potency of stem cells
can range from totipotent, which are able to give rise to all of the cells in an organism,
including extraembryonic tissues, (e.g. zygote) to unipotent, which are only able to
differentiate into one type of cell (e.g. spermatogonia). Pluripotent stem cells are defined by
their capacity to differentiate into all three germ layers. Due to their tremendous potential for
therapeutic use, research on deriving, expanding and manipulating human pluripotent stem
cells, including embryonic stem cells (hESCs) and the related induced pluripotent stem cells
(hiPSCs), has grown exponentially.

In 1981 the first pluripotent, embryonic stem cell (ESC) lines were established from mouse
blastocysts (mESC) [1, 2]. Culture conditions for long-term maintenance of mESC
pluripotency were significantly improved during the late 1980s, when leukemia inhibitory
factor (LIF) or other agonists of the gp130-Jak-Stat signaling pathway were shown to
promote self-renewal of mESCs in vitro [3–6]. Nearly two decades later, James Thomson’s

© 2013 Mosby, Inc. All rights reserved.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

The authors have read the journal’s policy on conflicts of interest and have no conflicts of interest to declare.

NIH Public Access
Author Manuscript
Transl Res. Author manuscript; available in PMC 2014 April 01.

Published in final edited form as:
Transl Res. 2013 April ; 161(4): 284–292. doi:10.1016/j.trsl.2013.01.001.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



group accomplished the long sought after goal of isolating and fully characterizing the first
hESCs from donated human embryos [7]. Thomson’s isolation and establishment of hESCs
enabled translational and clinical research with human pluripotent stem cells. Interestingly,
hESCs do not require LIF/gp130 agonists to prevent differentiation. Instead hESCs use
bFGF as a key mediator of pluripotency [8].

Another significant breakthrough in human pluripotent stem cells research occurred in 2006,
when Takahashi and Yamanaka transformed terminally differentiated murine fibroblasts into
iPSCs (miPSCs) [9]. These miPSCs look and function almost identically to mESCs,
including the generation of fertile adult mice derived entirely from miPSCs by tetraploid
complementation assays, just as is done for mESCs [10]. The following year Yamanaka’s
group and Thomson’s group described the derivation of hiPSCs using terminally
differentiated human fibroblasts [11, 12]. Yamanaka’s initial studies found that only four
transcription factors (Oct3/4, Sox2, Klf4, and c-Myc; OSKM) were necessary and sufficient
to transform terminally differentiated fibroblasts into iPSCs. Yamanaka ascribed this
remarkable discovery to the convergence of at least three distinct areas of stem cell research
[13]. The first area was the knowledge that differentiated cells were competent to undergo
reprogramming/de-differentiation when exposed to a previously known, but elusive
combination of factors present in oocytes during nuclear transfer [14, 15]. These factors are
also present in mESCs, which are able to direct reprogramming of terminally differentiated
T-cells when fused together [16]. The second area of research enabling the formulation of
iPSCs was the finding that a master regulator factor(s) could define the differentiation state
of a given cell [17, 18]. Finally, the third important stream in establishing iPSCs was the
cumulative knowledge from 25 years of ESC cultivation conditions. Since the initial
description of iPSCs, a variety of transcription factors and different types of cells have been
used to generate iPSCs [19]. Defining improved methods to derive iPSCs remains an area of
active research, as will be discussed later in this review.

Dr. Yamanaka was awarded a share of the 2012 Nobel Prize in Physiology or Medicine
alongside Sir John B. Gurdon for their landmark work demonstrating the potential for
terminally differentiated cells to regain pluripotency. In 1962 Gurdon provided the first
evidence of the ability of mature, differentiated cells to return to a pluripotent state. He did
this by replacing the nucleus of a frog oocyte with the nucleus from a mature intestinal
epithelium cell, from which developed a normal tadpole [14]. This breakthrough experiment
changed the dogma of the irreversible process of cell differentiation and set up a whole new
scientific discipline of cloning, eventually leading to the generation of a cloned mammal
[15]. However, cloning via somatic cell nuclear transfer is technically challenging and
requires the use of a large number of oocytes, leading several groups to seek the identity of
the pluripotency genes that would drive the de-differentiation of mature cells. Finally, more
than 40 years later, Takahashi and Yamanaka identified the correct combination of genes
sufficient to accomplish this task to generate the first iPSCs [9]. It is important to recognize
that the power and potential of hiPSCs would not be possible without the ground-breaking
work on ESCs that facilitated the development of hiPSCs.

Although both hESCs and hiPSCs are pluripotent stem cells, there remain concerns that
hiPSCs are not equivalent to the gold-standard set by hESCs. Some studies using larger
sample sets of hESCs and hiPSCs demonstrate that, like mESC clones, independent hESC
and hiPSC clones have inherent variability in their gene expression and DNA methylation
states but do not differ substantially between each other [20–23]. These studies attribute this
variability to both the initial method of hiPSC derivation and the subsequent lab-specific
maintenance of these cells rather than from any actual differences between hESCs and
hiPSCs [22, 23]. However, other studies describe differences in gene expression and DNA
methylation profiles between hESCs and hiPSCs [24–29]. A separate group has proposed
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that these gene expression and DNA methylation differences between many hESC and
hiPSC lines create a bias in their pluripotent potential. Nichols and Smith have proposed that
two phases of pluripotency can be defined: naive and primed [30]. While naïve (or ground)
state stem cells are truly pluripotent, primed cells are predestined for lineage specification
and commitment. In the case of hiPSCs, primed hiPSCs could still be useful therapeutically,
since they would be poised to generate differentiated cells in greater numbers. Additionally,
primed cells can regain their naïve state by neutralizing inductive differentiation stimuli or
by transfection with Klf4 [31–34].

Methods to Derive iPSCs
There remains a need for more efficient and rapid generation of patient-specific hiPSCs to
advance successful clinical application of hiPSC-based therapies. A number of factors play a
role in determining which method will satisfy these criteria. These include iPSC-generating
transcription factor combinations, transcription factor delivery methods, and optimal iPSC
culture conditions. In the first report of miPSC generation, Takahashi and Yamanaka used
the OSKM transcription factors to generate the miPSCs from murine fibroblasts [9]. They
used a similar approach to generate hiPSCs a year later [11]. However shortly thereafter, the
Thomson group generated hiPSCs with similar efficiency using a slightly different
combination of transcription factors, substituting Nanog and Lin28 for Klf4 and c-Myc [12].
Although a number of different transcription factors combination have been used, the
OSKM transcription factor combination is predominately used to generate iPSCs currently
(Reviewed in [19]). Interestingly, subtle and temporary differences in the transcriptional
level and stoichiometry of the OSKM reprogramming factors may have a profound impact
on their protein expression resulting in qualitative differences between generated iPSCs,
even when the same reprogramming factors are used. Jaenisch's group demonstrated that
high Oct3/4 and Klf4 combined with lower Sox2 and c-Myc expression increases the
efficiency to generate high-quality iPSCs [35]. Another group has shown that increasing the
activating efficiency of Oct3/4 by fusing it to the transactivation domain of MyoD creates a
protein chimera that also increases the number and quality of the iPSCs when combined
with the remaining OSKM factors [36]. These studies show that different OSKM factor
stoichiometries can produce higher quality iPSCs.

In generating the first miPSCs and subsequently in hiPSCs, Takahashi and Yamanaka used
retroviruses to deliver the OSKM transcription factors, which integrated in approximately 20
sites throughout the genome in each iPSC line [9, 11]. In spite of the high copy number of
exogenous OSKM, many of these lines were able to robustly differentiate. The Thomson
group opted to use lentiviruses to deliver their transcription factors, which also resulted in
multiple genome integrations [12]. In an attempt to minimize multiple viral integrations
during iPSC generation and increase overall iPSC generation efficiency, Mostoslavsky's
group designed a "stem cell cassette" (STEMCCA) containing all of the OSKM
transcription factors on a single lentiviral vector [37]. The STEMMCCA cassette is able to
consistently generate hiPSCs with a single genomic integration site [38]. While these
methods provide high efficacy and reproducibility of iPSCs, the development of non-
integrating vectors to generate iPSCs is rapidly becoming more standard [13].

While retro- and lentiviral vectors have successfully produced iPSCs, these methods
invariably require integration into the genome, which comes with an inherent risk of
insertional mutagenesis [39]. Therefore for clinical use of hiPSCs in gene therapy, these
integration sites either need to be repaired or avoided altogether. In order to minimize the
integration footprint, second-generation lentiviral cassettes are flanked by loxP sites (ex.
STEMCCA-loxP vectors), which after iPSC establishment can be removed by Cre-mediated
excision [40]. Unfortunately, this vector excision scars the host DNA by leaving residual
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sequence behind, which could still potentially result in tumorigenesis. A modified Sendai
virus has been presented as an alternative to integrating retro- and lentiviruses for iPSC
generation [41]. Sendai virus is a negative-strand RNA virus that replicates in the cytoplasm
of infected cells and does not integrate into the host genome at any point during its lifecycle.
Adenovirus is another non-integrating vector that has also been used to generate iPSCs,
allowing for transient expression of OSKM without integrating into the host genome [42].
However, adenovirus does not seem to be very efficient in iPSC generation. Another study
finds adenovirus can integrate into the genome at low levels, bringing any advantage
adenovirus has over retro- and lentiviruses to generate iPSCs into question [43].

A number of non-viral methods have also been used for iPSC reprogramming. iPSC
generation using plasmids containing the coding sequence for the OSKM transcription
factors was first reported by the Yamanaka group [44]. Thomson’s group has also
successfully created hiPSCs using a combination of three episomal-based vectors derived
from the Epstein-Barr virus that contained an altered OSKM ratio (2:2:2:1) in combination
with Nanog and Lin28 [45]. In addition, iPSCs have been derived by the addition of
recombinant OSKM proteins [46, 47] and synthetic mRNAs [48]. Regrettably, these non-
viral methods for iPSC generation suffer from low efficiency to date.

Methods for Gene Correction
Although a number of clinically relevant cells can potentially be produced from hiPSCs,
diseases that result from somatic genetic mutations would not be cured due to the presence
of the underlying mutation in the resulting hiPSCs. Therefore, it is necessary to provide an
efficient and precise method to correct those genetic changes in patient hiPSCs. In this
scenario, a much larger number of diseases could then be clinically treated by autologous
transplantation. Research in homologous recombination and gene therapy has developed
several new tools that allow for the sequence-specific excision and repair of almost any
mutated sequence. These tools will be described in more detail below.

Since the late 1980s, homologous recombination has been a common technique used to
integrate exogenous DNA templates with long regions of homology into the host cell
genome by native cellular repair mechanisms [49]. In 1994 it was reported that the induction
of double-stranded (ds) DNA breaks stimulates homologous recombination in mammalian
cells [50]. This discovery led to the development of zinc finger nucleases (ZFNs) capable of
creating targeted dsDNA breaks in a gene of interest, which greatly increases both
insertional efficacy and site-specificity [51].

The first nucleases for generating site-specific dsDNA breaks, ZFNs, are commonly used to
enhance the efficacy of gene targeting by inducing a dsDNA break at a specific DNA
sequence [52]. ZFNs contain the zinc finger motif, which is able to recognize a nucleotide
triplet [53]. These zinc finger motifs are linked to the nonspecific FokI nuclease, which
creates the dsDNA breaks. DNA cleavage by ZFNs requires protein dimerization, which has
allowed for the recognition of DNA cleavage sequences of up to 36bp by ZFNs containing 6
tandem zinc finger motifs. The resulting dsDNA breaks are repaired by the intrinsic cellular
repair mechanisms of the non-homologous end joining repair pathway (NHEJ) or the
homology directed repair pathway (HR) [54, 55]. Whereas the first mechanism simply
ligates the ends of the broken DNA strands together in an error-prone fashion, the latter
mechanism uses undamaged sister chromatids or exogenous donor DNA as a template for
repair, which facilitates site-specific transgene incorporation of DNA sequences as long as 8
kb into the cell [56]. A common human genomic site for donor DNA insertion is the adeno-
associated virus type 2 target region (AAVS1 locus) on chromosome 19, which is also
known as "safe harbor". The expression of inserted genes in this locus has been
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demonstrated to be more stably maintained during hESCs differentiation in comparison to
random integration, and no pathologic events in cells have been observed by disrupting this
site [57]. Both viral and non-viral systems effectively deliver ZFN template and donor DNA
into human pluripotent stem cells [52].

Recently, another novel class of nucleases, the transcription activator-like effector (TALE)
nuclease (TALEN), was developed to allow for more flexible targeted genome engineering
[58–60]. TALEs are bacterial proteins containing multiple tandem repeats of ~34 amino
acids, which when combined together form a DNA binding domain. Within each repeat
there exists polymorphism within a repeat variable diresidues (RVD) module that
determines the nucleotide binding specificity. Upon fusing TALE repeats with the FokI
nuclease used in ZFNs, the Voytas lab created sequence-specific nucleases they called
TALENs [58]. Modification of the RVDs in the TALE tandem repeats can be done to
generate novel sequence-specific designer TALENs, which allows researchers to have a
much larger pool of DNA sequences for gene modification compared to using ZFNs [61].
When compared to ZFNs, TALENs offer higher DNA binding specify and lower toxicity
[62]. Use of the "safe harbor" AAVS1 locus as an integration site for TALENs, will avoid
functional perturbation of the host-cell transcriptome in human pluripotent stem cells.

Potential problems have been identified with using ZFNs and TALENs, such as off-target
cleavage of sequences similar to the target sequence [63] and transgene addition caused by
the combination of HDR and NHEJ repair mechanisms [64]. The use of TALENs with
strong, distinct sequence specificity and verification of transgene insertion in only the
correct locus through molecular biology techniques should be employed well before actual
clinical use of modified human pluripotent stem cells to ensure their continued clinical
relevance [52].

hiPSCs and Gene Therapy: Hurdles for Clinical Translation
Combining the methods of stem cell technology with gene correction techniques offers an
extraordinary potential for transplantation therapy, disease modeling and drug screening.
iPSC technology provides the promise for treatment of genetic diseases by autologous
transplantation of genetically corrected hiPSCs (Figure 1). In this regard, the main
advantages of using hiPSCs are (i) eliminating the need for immunosuppression as is
currently done during hematopoietic stem cells (HSCs) transplantation from human
leukocyte antigen (HLA)-matched donors, (ii) the unlimited proliferative ability in cell
culture to generate an unlimited supply of syngeneic patient-derived transplantable cells, and
(iii) the ability for gene editing of disease-causing genetic mutations. The potential to make
genetically corrected human pluripotent stem cells from diverse genetic subtypes from any
number of diseases also allows for the development of reliable models for studying the
development and progression of genetic diseases in vitro. For example, disease-causing gene
correction in hiPSCs would make a "perfect control" for pharmaceutical in vitro comparative
studies.

There are several obstacles to be overcome before stem cell gene therapy can be considered
for a clinical application. Safe methods for hiPSC generation and high reprogramming
efficacy are of the utmost importance. Viral delivery of transcription factors that integrate
into the host DNA is currently the most efficient reprogramming method. However,
insertional mutagenesis and incomplete pluripotent gene silencing may occur, which are
associated with the risk of tumorigenesis. Once efficient and sound hiPSC generation
methods are established, it will also be vital to develop robust and reliable differentiation
protocols for human pluripotent stem cells into a variety of different cell types. In regards to
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transgene correction, screening methods will need to be employed to verify correct DNA
insertion and the exclusion of off-target effects.

As the first hESCs trials have shown, the use of hiPSCs in clinic would have to overcome a
number of barriers before successfully transitioning there [65–67]. Unlike the majority of
small molecules and antibodies, human pluripotent stem cell-derived cells likely need to
integrate into the body once they are administrated and do not leave the body after treatment
ceases. The irreversible nature of stem cell based therapy therefore requires special
precautions to be taken in any clinical trials. Companies such as Geron and Advanced Cell
Technology have pioneered clinical application of hESCs aimed at treating such intractable
conditions as the loss of limb function following spinal cord injury and progressive vision
loss in degenerative retinal diseases [68].

Based on extensive preclinical data of hESC-derived oligodendrocyte progenitors [69, 70],
Geron Corporation (California, USA) began using oligodendrocytes derived from hESCs to
treat patients with spinal cord injuries. Four patients were enrolled into a phase I clinical
trial and none suffered serious adverse side effects after hESC-derived oligodendrocyte
injection. In these trials the risk of teratoma formation was the main concern. Despite
overcoming the rigorous safety requirements demanded by the FDA and overall encouraging
results, the company unexpectedly abandoned their hESCs clinical trials in late 2011 [71].
The underlying reason was reported to be due to financial reasons and not due to problems
with the medical procedure.

Advanced Cell Technology (California, USA) is currently carrying out two phase I/II
clinical trials for the treatment of dry age-related macular degeneration and Stargardt's
macular dystrophy with hESCs [68]. These two diseases are the leading causes of blindness
in the developed world. The goal of these prospective studies is to assess the safety profiles
and tolerance of subretinal injection of hESC-derived retinal pigment epithelial cells in
patients. A four month follow-up of patients did not reveal any signs of hyperproliferation,
tumorigenicity, ectopic tissue formation, or apparent rejection, while at the same time some
patients reported a degree of vision restoration. These pioneering trials have overcome a
number of regulatory hurdles and set high standards for cell characterization and quality
control for any following stem cell based therapeutic trials.

Disease Candidates for Combined iPSC and Gene Therapy
Unlike most other stem cell clinical applications, there has been remarkable success using
the transplantation of HSCs to cure disease [65]. With this experience, blood disorders with
a genetic basis represent an attractive target for further stem cell research and therapeutic
gene-corrected autologous stem cell transplantation. Significant progress has especially been
made in gene therapy of red blood cell disorders [72]. The proof of principle results for
treatment of genetic diseases by autologous transplantation of genetically corrected miPSCs
was provided in 2007 by the Jaenisch and Townes labs only one year after the first
successful miPSC generation was demonstrated [73]. In these break-through experiments in
mice, it was shown that sickle cell anemia can be treated by the correction of the sickle
hemoglobin allele by gene-specific targeting in miPSCs. A humanized knock-in mouse
model of sickle cell anemia was used in this experiment to derive miPSCs from tip-tail
fibroblasts. One copy of the βS (sickle) globin gene was corrected in these miPSCs using
homologous recombination and differentiated into hematopoietic progenitors, which were
then injected back into irradiated sickle mice. These miPSC-derived hematopoietic
progenitors were able to completely reconstitute normal hematopoiesis. In order to increase
the efficiency of gene targeting at specific genomic loci, ZFNs were recently used to correct
the sickle cell anemia mutation in hiPSCs derived from human patients [74].
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Mutations in any of the 13 genes in the Fanconi anemia DNA repair pathway makes Fanconi
anemia an attractive target for gene therapy [75]. A collaboration between groups in Spain,
Italy and the US published a proof-of-principle study for the treatment of Fanconi anemia
using hiPSCs [76]. Through reprogramming and gene correction of somatic cells from
Fanconi anemia patients, the groups managed to generate disease-free hematopoietic
progenitors of the myeloid and erythroid lineages. Correction of mutations in globin genes
causing β-thalassemia in hiPSCs have also been successfully demonstrated by Wang et al.
[77]. CD34+ cells differentiated from corrected hiPSCs were able to engraft into irradiated
SCID mice and in vivo differentiated erythrocytes showed improved hemoglobin production
over the uncorrected hiPSCs counterparts. However, transplanted CD34+ cells bear limited
erythropoietic potential and long-term maintenance of erythroid differentiation has yet to be
established. The disease-specific phenotype of a neutrophil defect, X-linked chronic
granulomatous disease, was recapitulated in vitro using hiPSCs [78]. A ZFN strategy was
then employed to correct the oxidase function with a lentivirus vector encoding the gp91phox

minigene, resulting in abrogation of the disease phenotype. An advantage to using gene
correction in neutrophils is the reduction of the oncogenic potential to extremely low levels
as hiPSCs-derived mature neutrophils have no potential to proliferate or permanent
engraftment.

Although blood diseases are one of the most prominent fields in stem cell research, gene
correction in hiPSCs derived from various other monogenic diseases have also been
accomplished. Soldner et al. corrected in hiPSCs the point mutation in the α-synuclein gene,
which can cause some types of Parkinson's disease [79]. ZFN technology was used to
modify fibroblast-derived hiPSCs from the patient carrying the A53T (G209A) α-synuclein
mutation with no observed evidence of off-target genome disruption. Additionally, they
were also able to generate Parkinson's disease-related cell lines by inducing either the A53T
(G209A) or E46K (G188A) mutation in the genome of wild-type hESCs. These experiments
hint at the great potential of human pluripotent stem cells to generate an unlimited supply of
patient-derived, disease-relevant cells. The Ellerby lab derived hiPSCs from a Huntington's
disease patient and replaced the disease-causing expanded CAG trinucleotide repeat with a
normal sized repeat allowing for the derivation of normal healthy neurons [80]. In vitro
testing of these repeat corrected hiPSC-derived neural stem cells rescued defective signaling
pathways and reversed the disease phenotype, while retaining pluripotent characteristics.
Subsequent in vivo experiments in mice suggested that the corrected hiPSC-derived neural
stem cells are able to populate the striatum of murine Huntington's disease model brains and
undergo differentiation to neurons and glial cells.

Muscular dystrophies therapy using hiPSC gene-correction is another auspicious area of
stem cell research. Promising results were achieved in using genetically corrected hiPSCs
for treatment of muscular dystrophies [81]. The mouse model of limb-girdle muscular
dystrophy was employed for transplantation of hiPSCs-derived muscle progenitor cells,
mesoangioblasts. hiPSCs were generated from fibroblasts and myoblasts of limb-girdle
muscular dystrophy patients and genetically corrected in vitro with a lentiviral vector
carrying the gene encoding human α-sarcoglycan, the gene responsible for the development
of the disease. The hiPSC-derived corrected mesoangioblasts were proved to generate
muscle fibers in α-sarcoglycan–null immunodeficient mice. These results suggest that gene
and cell therapy employing hiPSCs might be applicable for treating various types of
recessive muscular dystrophies. The point mutation in the gene encoding ornithine-δ-
aminotransferase causes the retinal degenerative disease gyrate atrophy. hiPSCs generated
from patients were used to assess the mutational load caused by homologous recombination
during gene correction [82]. Encouragingly, their data suggests that hiPSC expansion and
gene correction do not increase genomic instability.
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One key issue that will need to be solved for many of these new hiPSC-based therapies is
not only the efficient derivation of the mature cell population of interest, but also the ability
to transplant these cells into a host in a manner that will allow effective disease correction.
These possible hurdles include deriving enough therapeutic cells and also transplanting them
in a manner where they will effectively integrate with the host. This is potentially a
significant problem with neuronal diseases such as Parkinson’s disease. Indeed, previous
trials using neuronal transplants for Parkinson’s illustrate this issue. While dopaminergic
cells could be transplanted, they often did not function properly with either too much or too
little dopamine being released [83]. Similarly therapeutic trials for muscular dystrophy using
varying muscle cell populations have not achieved a significant therapeutic result [84–86].
Indeed, since muscular dystrophy affects essentially all the muscles in the body over time,
how systemic delivery of these cells will be achieved remains a key question. Notably for
hematopoietic therapies these barriers for integration may be less as has been proven by
decades of experience with hematopoietic cell transplantation. From this experience we
know that transplanted hematopoietic cells can home to the bone marrow and tissues and
function essentially normally for many years or decades following the therapy.
Complicating the issue of therapeutic cell engraftment is the methods which have been
employed to successfully cause engraftment so far. In the case of the use of the hiPSC-
derived corrected mesoangioblasts to correct limb-girdle muscular dystrophy described
above, the authors overexpressed the myogenic regulator, MyoD, to derived these cells [81].
In the case of hematopoietic therapies, the overexpression of HoxB4 in vitro has been
necessary to facilitate sufficient engraftment of hematopoietic cells in vivo [73, 87]. Taking
these realities into account, there is still much to do to ensure that engraftable and functional
cells of sufficient quantity and quality can be efficiently derived from iPSCs for the desired
therapies.

Problems with immune rejection also need to be better understood for therapies using
hiPSCs and hESCs. Indeed this was a key issue with the two hESC-based therapies
described above. While patients may likely require at least low dose immunosuppression for
allogeneic transplantation, how and when immunosuppressant should be dosed will only
really be able to be solved through well designed clinical trials. While hiPSCs can
potentially be derived on a patient specific basis to create autologous cells, the newly
inserted gene could be seen as foreign to the host. Indeed, this has been seen in treatment of
some diseases such as hemophilia. Currently, these are important issues that will be
addressed with future preclinical and clinical studies.

Conclusion, Future Perspectives
hiPSCs have extraordinary potential for clinical applications in regenerative medicine. In
this current perspective, we briefly discussed how decades of ESC research paved the way
for the derivation of iPSCs. To this end hiPSCs may be considered as one evolutionary step
higher than hESCs since they are much more appropriate for clinical applications. hiPSCs
offer many advantages over hESCs in terms of the cell source availability and patient
specificity. However it remains to be seen whether the use of hiPSCs advances into routine
clinical practice in the next few decades, or whether they become a stepping stone between
the isolation of hESCs and other innovative technologies. Direct cellular reprogramming
represents one of the latest and very promising streams in regenerative medicine [88–92].
This approach circumvents the pluripotent cell stage and aims to directly transform one
mature cell type into another, shortening the time needed to generate the clinically relevant
cells. Moreover, direct reprogramming may also allow for in vivo reprogramming of cells
[92, 93]. Together, these advances highlight the exciting potential for stem cell research
combined with gene therapy approaches to produce new therapies in the future.
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Figure 1. Schematic representation of iPSC-based combined gene and cell therapy
The autologous transplantation of genetically corrected iPSC-derived cells can potentially be
used to treat patients with certain genetic diseases, such as sickle cell anemia, Fanconi
anemia, β-thalassemia, Parkinson's disease, Huntington's disease, and muscular dystrophies.
Patient's somatic cells (e.g. skin fibroblasts or mononuclear blood cells), containing the
disease-causing mutation, are in vitro transformed into iPSCs by introduction of
transcription factors. The mutation is corrected by gene-specific targeting of iPSCs, using
methods such as zinc finger nucleases (ZNFs) or transcription activator-like effector
nucleases (TALENs). Corrected iPSCs are differentiated into the required cell type
precursors or mature cells, such hematopoietic, neural or muscle cells. Healthy differentiated
cells would be injected back into the patient where they would need to integrate and provide
improved function.
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